Scanning Kelvin probe force microscopy (SKPFM) of annealed and cold-rolled grade 2205 duplex stainless steel has been correlated with microstructure analysis using electron back-scattered diffraction (EBSD). In annealed microstructure Volta potential differences indicated micro-galvanic coupling between ferrite and austenite reasoning selective dissolution of ferrite. The introduction of cold work reduced the difference between both phases, but the development of local extremes in Volta potential was observed. Microstructure analysis revealed the presence of larger misorientation concentrations at these sites, which can explain the changes in observed corrosion behaviour, from selective dissolution in the annealed condition to localised corrosion attack after cold-rolling.
Introduction
Duplex stainless steels (DSS) are frequently used for engineering applications, with complex shapes of components obtained via cold-rolling or shaping of plate and sheet material. Plastic deformation in polycrystalline material is generally heterogeneous, and leads to the development of misorientation variations and gradients in the microstructure, typically associated with strain localisation [1] . In duplex stainless steels, strain localisation is complex due to the mismatch of mechanical properties between body-centred-cubic ferrite (␦-bcc) and face-centred-cubic austenite (␥-fcc), which manifests itself during plastic deformation. Load sharing between both crystallographic phases is observed leading to heterogeneous deformation within the microstructure, with micro-yielding near grain boundaries in the ferrite, augmented by plastic deformation and dislocation pile-ups in the austenite [2, 3] . Pitting corrosion [4, 5] and crack nucleation [6] is often triggered at such sites, but cracks have also been observed to nucleate at slip bands due to the presence of local differences in elastic anisotropy [7] .
The magnitude of misorientation within grains increases with the introduction of plastic strain, which is often used as a quantitative measure to describe the degree of microstructure deformation [1] . However, the introduction of plastic strain can also result in sub-structure formation associated with the re-arrangement of dislocations. Free dislocations generated during plastic deformation can readily re-arrange themselves, leading to the development of low-angle grain boundaries (LAGB) [1, 8, 9] . Plastic deformation results in an increase of the dislocation density which also affects local surface work function and hence the electrochemical potential [10] . The Electron Work Function (EWF) reflects the electron activity [10, 11] and is the minimum energy required to remove electrons from inside a metal to a position far away from the surface on the atomic scale, but still close to the metal to be influenced by ambient electric fields [10] [11] [12] [13] [14] [15] [16] [17] . It is not a material property but characteristic of the surface and is sensitive to pre-existing deformation, surface oxide layers, roughness, temperature, and adsorbents [15, 17, 18] . The EWF has been reported to decay with the induction of plastic deformation up to about 40% plastic strain after saturation is reached which was observed to be independent from the type of the material and was enhanced by the rate of deformation [10] . An increase of plastic strain and strain rate decreased the EWF hence the change in EWF could be attributed to the dislocation density in the microstructure. Furthermore, it was demonstrated that at grain boundaries the EWF decreased, in contrast to the grain inte-rior of nanostructure materials, indicating that at such sites the electron activity is high with the result that the surface became more electrochemically reactive [11] . Such an increase in electrochemical reactivity affects local and overall corrosion performance of the material [11] .
The related Volta potential ( ) is the potential difference between a position infinitely far away from the surface and a position just outside the surface, and is the measureable quantity characterising electrochemical behaviour of a metal [12, 17] . The scanning Kelvin probe force microscopy (SKPFM) technique allows detection of local EWF (if the EWF of the tip is known), or Volta potential differences ( ) between an atomic force microscopy tip (usually Pt coated) and the metal surface [14, 15, 19] . The lateral resolution of SKPFM can be as high as 10's of nm in ambient air, with a sensitivity up to 10-20 meV [19] . Volta potential is a characteristic property of a metal surface and can be used to understand electrochemical processes [16] . It is sensitive to any kind of surface defects, chemical variations, and residual stress [13, 17] . Volta potential differences in microstructure have been used to predict corrosion behaviour [10, 15, 18, [20] [21] [22] . Regions with larger ( ) indicate increased surface reactivity [11, 15, 18] , and even a correlation between Volta potential differences measured in nominally dry air and their free corrosion potential (E corr ) pre-determined under immersed conditions has been reported [18] .
Furthermore, a relationship between E corr measured under thin electrolyte and the Volta potential difference was demonstrated [23] . Linear correlation of Volta potential measured via the Kelvin probe technique measured in air with the free corrosion behaviour (E corr ) upon immersed specimens [24] , and this relationship was demonstrated to hold true for potentials measured via SKPFM [23] . However, SKPFM Volta potential differences in air may not always correlate with corrosion potentials measured in aqueous solution, and interpretation of SKPFM data regarding corrosion phenomena need to be treated with caution [15] . This shortfall can be minimised by conducting SKPFM measurements in humid air (>60% relative humidity), where several mono-layers of water are present on the metal surface, mimicking "solution-like" behaviour [25] .
The purpose of the work reported in this study was to investigate the effect of plastic deformation on local microstructure Volta potential differences ( ) and compare these results with atmospheric corrosion observations. The idea is that through the introduction of plastic deformation steep gradients of on confined regions can be formed in the microstructure which may correlate with local strain heterogeneities and act as susceptible sites for localised corrosion and also for stress corrosion cracking. A duplex microstructure was chosen to maximise the effect of plastic strain on microstructure behaviour. Grade 2205 duplex stainless steel is considered by the UK's nuclear industry as a candidate container material for storage of intermediate-level radioactive waste (ILW) which undergoes various deformations [26] . Localised corrosion and, in particular, environment-assisted cracking has been considered as the main material degradation concern that may limit the integrity of ILW containers, which mechanistic understanding is required to support container lifetime predictions.
Experimental
A solution-annealed (mill annealed) grade 2205 DSS plate with a composition (in wt.-%) of 22.4Cr, 5.8Ni, 3.2Mo, 1.5Mn, 0.4Si, 0.016C, 0.18N, and Fe (bal.) was used in this study. The chemical composition of ferrite and austenite was determined by energy dispersive X-ray (EDX) technique interfaced to a scanning electron microscopy (SEM) as 25.0Cr, 4.3Ni, 4.3Mo, 1.7Mn, 0.5Si, and Fe (normalised) for ferrite, and 22.1Cr, 6.9Ni, 2.6Mo, 1.9Mn, 0.4Si, and Fe (normalised) for austenite, all in wt.-%. Cold rolling of the plate was performed with a thickness reduction of 40%, and rectangular coupon specimens (8 × 8 × 8 mm 3 ) were cut from both the as-received and coldrolled material. The surface of these coupons was prepared by grinding to 4000-grit, followed by mirror-finish polishing using 3, 1, ¼, and 0.1 m diamond paste, and finalised with an OP-S polishing treatment.
Electron Back-Scattered Diffraction (EBSD) was used for material characterisation, by extracting grain size, crystallographic phase fraction, and local misorientation (LMO), with the latter indicative of the distribution of plastic strain in the microstructure. A FEI Quanta 650 scanning electron microscope (SEM) interfaced with a Nordlys EBSD detector from Oxford Instruments with Aztec V2.2 software was used for data acquisition. A step size of 0.15 m over an area of 856 × 746 m 2 with an accelerating voltage of 20 kV was used for data acquisition. Data post processing was carried out with HKL Channel 5 software. High-Angle Grain Boundaries (HAGB's) were defined with misorientation ≥15 • and Low Angle Grain Boundaries (LAGB's) between >1 • and <15 • . The grain size was determined by the mean linear intercept method as the mean of vertical and horizontal directions (twins disregarded). LMO maps were generated by using a 3 × 3 binning and a 5 • threshold for the sub-grain angle threshold. This analysis gives the average LMO for a misorientation below the pre-determined sub-grain angle threshold, and this method was used to locate regions with higher concentrations of misorientation in the microstructure. The latter is typically associated with local micro-deformation in the form of plastic strain, due to the presence of dislocations [1] .
All SKPFM measurements were performed prior to EBSD analysis of the same area to allow correlation of the results. A MultiMode 8 atomic force microscope from Veeco Instruments (AFM) with Nanoscope V8.15 acquisition programme from Bruker was used. OSCM-PT probe was employed for Volta potential ( ) measurements. The interleave lift height was 50 nm. The SKPFM scan size was 50 × 50 m 2 for the mill-annealed and 55 × 55 m 2 for the 40% cold-rolled sample. The tip was biased in order to zero the contact potential difference; therefore, positive potential differences measured indicate larger electronic activity of the microstructure. The reliability of the probe used was assessed by measuring the Volta potential difference of high quality HOPG (Highly Oriented Pyrolytic Graphite) which is the highest-quality synthetic form of graphite and commonly used to calibrate AFM probes [27] . Maximum potential differences of 1-2 mV were measured indicating good quality of the tip and maximum sensitivity of the system. The potential difference measured prior to and after the test was identical supporting the stability of the tip.
SKPFM tests were carried out in ambient air at a temperature of 30 • C with 38 ± 1% Relative Humidity (RH) or in a controlled environment of 33 ± 1 • C and 86 ± 1% RH. These humidity values were chosen to obtain information about the effect of water multi-layer coverage on Volta-potential differences, invoking "solution-like" behaviour [25] . The humidity was controlled in a sealed AFM chamber. Air was bubbled through a 5 l flask containing 5 M NaCl solution, heated by a water bath to 60 • C, creating a humid gas atmosphere which was directed to the chamber (a Perspex enclosure) housing the entire AFM setup. According to Leygraf et al. [25] , at least six to ten monolayers of water with chloride species should form at 86% RH supporting a correlation of Volta potential measurements with local electrochemical activity. Temperature and relative humidity (RH) were recorded during the measurement with an EL-USB-2-LCD temperature and humidity data logger.
SKPFM data analysis was performed with the software NanoScope Analysis 1.5. Topography maps were flattened using 1st order flattening. Data acquisition was carried out with 512 × 512 pixel resolution, with all values reported relative to the work function of the AFM tip (Pt-tip). Potentials measured with higher and lower values with respect to the AFM tip indicate a net anodic and net cathodic activity, respectively. Large Volta potential differences measured with respect to Pt mean lower absolute Volta potentials of the measured region/feature in the microstructure and, hence, higher corrosion activity. Volta potential maps of cold-rolled specimen measured in 86% RH environment were flattened and inverted in order to enhance potential contrast of local potential "hot-spots". Higher and lower potential values indicate net cathodic and net anodic activity, respectively, in this case only.
Atmospheric corrosion tests were performed on 4000-grit surface finished coupons. Tests were performed by exposing samples to 80 • C and 27% RH for 212 hrs. Water droplets containing MgCl 2 were applied onto the surface, yielding chloride deposition densities ranging from 145 g/cm 2 to 1450 g/cm 2 . An Eppendorf micropipette was used to dispense the liquid with the volume of the droplet 0.5 l producing an overall droplet radius of 1.7 mm (the effect of secondary spreading of the droplet was not considered). This exposure regime is close to the deliquescence point of MgCl 2 , resulting in a concentrated, very aggressive MgCl 2 solution. Post exposure, the corrosion morphology was analysed with a Keyence VHX-200 optical microscope and the FEI Quanta 650 SEM. To identify whether the ferrite or the austenite phase had corroded, the mill-annealed sample was additionally etched in aqueous 40 wt.-% KOH solution, using 5 V for 5 s. This electrolytic etch stains the ferrite [28] . The cold-rolled specimen was analysed in the SEM in the backscattered electron imaging mode, to distinguish between ferrite and austenite.
Results and discussion
To demonstrate the effect of cold-rolling on microstructure development, EBSD phase maps of all three process orientations (ND, RD, and TD) of the annealed and 40% cold-rolled microstructures are shown in Fig. 1 . Cold-rolling induced changes in grain shape and grain morphology, particularly in the austenite. The average grain size of ferrite as a sum of all process directions decreased from 7.3 ± 0.3 m in the annealed condition to 5.1 ± 1.9 m after 40% deformation, whilst the austenite grain size decreased from 7.1 ± 0.9 m to 4.2 ± 1.3 m. The average aspect ratio (vertical to horizontal mean length) in all process directions decreased from 1.8 to 1.2 in ferrite, and from 1.6 to 1.1 in austenite. This decrease in grain size can possibly be attributed to severely deformed and broken-up grains after cold deformation.
Other phases such as sigma () or chi () phase were not present in the microstructure. The austenite to ferrite phase ratio as an average of all three processing orientations was 44:56 and 47:53 for the solution annealed and 40% cold-rolled condition, respectively. The small increase in ferrite content with cold rolling is within typical microstructure variations observed in duplex stainless steel. There are also reports about the formation of deformation-induced bccmartensite in duplex stainless steels, which would be co-indexed as ferrite since the Kikuchi patterns of martensite overlap with the Kikuchi patterns of ferrite in EBSD analysis. The martensite is typically needle-shaped and forms within the austenitic phase [29] . However, EBSD analysis of the 40% cold-rolled sample in Fig. 1 did not show any needle-shaped features.
Topography and Volta potential maps in air (38% RH) of the annealed sample with corresponding EBSD phase and LMO maps of the same region are shown in Fig. 2 . The topography and Volta potential maps showed good correlation with the EBSD phase map, facilitating observation of both crystallographic phases to the corresponding values. Austenite and ferrite had distinctively different potential values, with ferrite showing higher potential values than austenite, meaning expected higher electrochemical activity. Mean values of 408 ± 16 mV and 320 ± 11 mV were measured for ferrite and austenite, respectively. The mean potential difference between both phases is about 70-90 mV, with steep potential gradients across interphases. Similar potential differences of 50-60 mV between ferrite and austenite, with ferrite indicating the less noble phase (anode) and austenite the nobler phase (cathode) has been reported by Sathirachinda et al. who investigated solution-annealed and sensitised microstructure and correlated local elemental depletion with local assessments [30] . The probe used was SCM-PIT with Pt-Ir coating and slightly different to that used in this study (OSCM-Pt probe with Pt coating). Small differences in chemical compositions and heat treatment history may also have contributed to different potentials measured. However, similar interphase potential gradients to our study were measured.
The potential variation within each phase is small (Fig. 2b) , and no obvious potential hot-spots (individual sites with high local at confined regions) are detected. This indicates existence of a driving force for galvanic interaction between both phases, with expected onset of electrochemical activity at interphase boundaries and dissolution towards the ferrite. Differences in generally indicate a driving force for galvanic interaction, whereas local potential hot-spots or regions with steep potential changes (gradients) indicate susceptible sites for localised corrosion [31] . Selective corrosion attack in duplex stainless steel has frequently been observed on ferrite to occur in mild chloridebearing environments, with nucleation at or in the vicinity of ferrite-austenite interphase boundaries, whilst austenite showed less corrosion and stress corrosion cracking susceptibility [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . The corrosion potential (E corr ) of austenite in chloride media is lower than that of ferrite despite its lower chromium and molybdenum content. Preferred nitrogen and nickel partitioning in the austenite renders enhanced passivation behaviour and, hence, electrochemical nobility in chloride environments [38, 39, 42, 43] .
These data are in close agreement with the studies conducted by Sathirachinda et al. who also observed smooth potential distribution in the solution-annealed microstructure which seemed to have disrupted after sensitisation treatments showing local Volta potential extremes associated with enhanced susceptibility to localised corrosion which was confirmed by corrosion immersion tests using aggressive acidic chloride electrolyte [30] . The ferrite phase was seen to corrode primarily while the austenite seemed to remain unaffected which clearly demonstrated the galvanic interaction between ferrite and austenite where ferrite formed the net anode and austenite the net cathode [30] .
The LMO map (Fig. 2d) indicates strain localisation mainly concentrated within ferrite and at small grain clusters with both ferritic and austenitic grains. The mean LMO has a maximum value of 2 • , confirming the presence of only small local strain variations. LMO was similar in both phases, meaning that selective attack cannot be associated with LMO values.
The topography and corresponding Volta potential maps for the 40% cold-rolled condition in air (38% RH) are shown in Fig. 3 . The mean potential of the entire region showed an overall rise of 170-190 mV with respect to the annealed microstructure condition. This large potential shift is expected to also result in a more corrosion susceptible microstructure (less noble). The driving force for a corrosion attack seemed to have increased after cold rolling possibly due to a strain-induced alteration in the electron band structure of the passive oxide layer caused by an enhancement of defects such as dislocation density (and other defects), where the amount of LAGB's and HAGB's increased. Lower work functions can result from defect-induced alteration in the electron band structure of passive oxide layers due to shifts in the Fermi level position caused by a change in the electron band gap of the oxide [44] . It has been shown in literature that the passivating layer is typically weakened by the introduction of large amounts of cold deformation, so that the corrosion current density and passive current density significantly increases upon immersion in chloride containing media [45] . It is likely that dislocation multiplication in the microstructure induced by cold deformation can affect the passivating characteristics of both crystallographic phases, which in turn resulted in an increase of the mean in the duplex microstructure. Since the Volta potential depends strongly on the electronic structure of the surface oxide layer of the metal (and other adsorbents) and due to the fact that substantially larger was measured, the reduction of the practical nobility of the cold-rolled microstructure must be related to defect-caused degradation of the surface oxide layer which seemed show to local heterogeneities across the surface [44] .
In addition, the difference measured between ferrite and austenite decreased to only about 5-10 mV difference, with ferrite assuming Volta potential values of 593 ± 5 mV, whilst austenite showed 589 ± 5 mV. Hence, the driving force for micro-galvanic interaction between both phases is expected to have decreased significantly by cold deformation. However, local ( ) potential hot-spots within both phases have become visible which were not present prior to cold work, indicating preferential sites of localised electrochemical activity (arrows in Fig. 3b ). There were numerous local hot-spots, indicating enhanced selective net anodic activity in the ferrite with typical ( ) values of 598 ± 2 mV. This indicates a higher local electronic activity at these confined regions.
In addition, hot-spots with lower were formed in austenite with values of 580 ± 3 mV. Such sites would indicate lower electronic activity i.e., enhanced selective net cathodic behaviour but potential gradients surrounding hot-spot zones can trigger local galvanic activity, hence enhance the surface reactivity at these confined regions and so facilitate preferential electrochemical attack. Large potential gradients at these confined regions, measured over short distances are expected to trigger localised attack in contrast to regions with smaller potential gradients.
In general, large gradients can affect the galvanic interaction between individual phases. After cold deformation, the overall potential gradient at the interphases decreased, which indicates a reduction of galvanic interaction between ferrite and austenite. Such sites would still be expected to behave preferentially active, but a selective attack on ferrite only, as observed in the annealed condition, would not be expected. Furthermore, the region over which potential changes occurred in the cold-rolled condition became larger, and sites of local potential gradients (hot-spots) were observed in both phases meaning that both ferrite and austenite would be expected to be electrochemically active, but ferrite obviously more due to the nobler potential. The variation of within each crystallographic phase is most likely associated with the presence of dislocation-related strain fields adjacent to interphases, due to the inherent crystallographic mismatch between ferrite and austenite. The EBSD phase map (Fig. 3c) shows LAGB's concentrated in both ferrite and austenite, with highly deformed regions consisting of accumulated LAGB's particularly visible at the interphase (Fig. 3d) . The observed SKPFM hot-spots in Fig. 3b seemed to be associated with some of the misorientation hot-spots observed in Fig. 3d . Also, the mean LMO shows a broader distribution with a maximum value of nearly 5 • , indicating the presence of large local strain variations in the microstructure. It should be noted that during plastic deformation local chemical variations and surface roughness can be altered, which would also contribute to the measured .
Further SKPFM analysis was performed in humid air (86% RH) to assess whether the observed local ( ) differences at low RH were also present. The surface topography map with corresponding Volta potential maps at 38% RH and 86% RH of the 40% cold-rolled specimen are shown in Fig. 4 . Both Volta potential maps were flattened using 1st flattening order and mathematically inverted to obtain an enhanced contrast of local potential hot-spots. The latter produces a better contrast but reverses the potential ranking order (i.e., austenite has higher potential difference). Several local hot-pots were observed in both the ferrite and austenite, indicating local corrosion-activity. These local potential variations with discrete potential extremes causing potential contrasts indicate micro-galvanic coupling within both phases and at interphase boundaries. Some larger, trench-like regions in austenite are also present, indicating similar ( ) differences. These regions are currently subject to further investigations.
In dry air, the passivating layer of stainless steels consists of a thin film oxide/oxyhydroxide layer, usually 1-3 nm [25, 46, 47] . In humid air above 60% RH, at least ten monolayers of water will be adsorbed resulting in thicker passivating layers which decreases the Volta potential difference [25, 48] . It has been reported that this potential drop is in the order of 50-100 mV [48] . However, the measurement in Fig. 4 gives a potential drop of 200 mV in 86% RH compared to 38% RH. Water molecules could have adsorbed onto the Pt probe which may have resulted in a minor change in the Volta potential of the Pt probe.
The corrosion behaviour of the mill-annealed and 40% coldrolled microstructures after exposure for 212 h to 86% RH atmospheric environment is shown in Fig. 5 . The ferrite selectively corrodes in this environment [32] [33] [34] [35] , supported by observations in Fig. 5(a and b) . The corrosion attack showed a filiform-like appearance, percolating through the microstructure. Corrosion initiated on interphase boundaries and propagated preferentially over ferrite regions indicating net anodic behaviour while austenite was the net cathode. Slight attack on some austenite parts, however, has been observed indicating less favoured corrosion attack occurring from the ferrite towards the austenite phase. After cold rolling almost no selective corrosion of the ferrite was observed, but localised corrosion attack occurred at discrete sites primarily located in the austenite (Fig. 5c and d) . Local initiation sites of pitting corrosion in austenite were primarily located in the grain interior, possibly related to regions containing local plastic strains. Alternatively, some of these discrete sites may also be associated with strain-induced martensite, which has been reported for duplex stainless steels [49, 50] .
These observations are in line with data shown in Fig. 3 and Fig. 4 , supporting the notion that local microstructure can affect macroscopic corrosion behaviour. The work also highlights how the degradation mechanisms of a material can change as a function of microstructure strain condition. The change from selective corrosion to localised attack could be a potential concern for components with thin wall thickness, and local susceptible sites that follow from cold working may also facilitate stress corrosion crack initiation.
Conclusions
1) Volta potential differences of the solution-annealed microstructure measured over austenite and ferrite differed by 70-90 mV, with ferrite indicating a net anodic potential. The latter is expected to facilitate micro-galvanic coupling between ferrite and austenite, resulting in selective dissolution of the ferrite with atmospheric exposure to MgCl 2 containing solutions.
2) The introduction of 40% cold-roll reduction significantly reduced the Volta potential difference between ferrite and austenite, but in parallel increased the mean Volta potential difference of the entire microstructure. 3) Volta potential differences maps of the cold-rolled microstructure showed local potential hot-spots (highly active sites at confined regions) with exposure to both 38% and 86% RH environment, indicating corrosion-active sites.
4) After 40% cold rolling, localised pitting corrosion in austenite and only little attack on ferrite was observed, supporting changes to the overall corrosion response of the duplex stainless steel microstructure.
